Laser-induced breakdown and damage to transparent materials has remained an active area of research for four decades. In this paper we review the basic mechanisms that lead to laser-induced breakdown and damage and present a summary of some open questions in the field. We present a method for measuring the threshold intensity required to produce breakdown and damage in the bulk, as opposed to on the surface, of the material. Using this technique, we measure the material band-gap and laser-wavelength dependence of the threshold intensity for bulk damage using femtosecond laser pulses. Based on these thresholds, we determine the relative role of different nonlinear ionization mechanisms for different laser and material parameters.
Introduction
Laser-induced breakdown and damage in transparent materials have been studied since the advent of high-power pulsed lasers [1] . Despite this long history, much still remains to be learned about the interaction of high-intensity laser pulses with transparent materials. The availability of laser pulses with femtosecond duration allows materials to be subjected to a higher laser intensity than ever before, opening the door to the study of laser/material interactions in a new regime. From a practical point of view, this high laser intensity offers new challenges and provides new opportunities. The peak power in large femtosecond laser systems is currently limited by the damage threshold of the optics in the laser chain [2] . Understanding the mechanisms responsible for optical damage may allow higher-damage-threshold optics to be constructed for these laser systems. Additionally, in recent years, the structural alterations produced in transparent materials by ultrashort laser pulses have been used for micromachining [3] [4] [5] [6] [7] . A better grasp of the nonlinear ionization mechanisms at play may allow for higher-precision micromachining and more control over the changes induced in the material.
In a transparent material, there is no linear absorption of the incident laser light. For optical breakdown and material damage to occur, a nonlinear absorption mechanism must deposit laser energy into the material by promoting electrons from the valence band to the conduction band. There are two classes of nonlinear excitation mechanisms that play a role in this absorption, photoionization and avalanche ionization. If enough laser energy is deposited into the material by these nonlinear absorption mechanisms, permanent damage is produced.
Nonlinear photoionization
Photoionization refers to direct excitation of the electron by the laser field. Because a single photon of visible light does not have enough energy to excite an electron in a transparent material from the valence to the conduction band, multiple photons are required to excite the electron. Depending on the laser frequency and intensity, there are two different regimes of photoionization, the multiphoton ionization regime and the tunnelling ionization regime. Keldysh showed that both multiphoton and tunnelling regimes could be described within the same framework [8] . The conceptual picture and the approximations used in calculations for these two mechanisms are very different, however.
In tunnelling ionization, the electric field of the laser suppresses the Coulomb well that binds a valence electron to its parent atom. If the electric field is very strong, the Coulomb well can be suppressed enough that the bound electron tunnels through the short barrier and becomes free, as shown schematically in the left-hand panel of figure 1. This type of nonlinear ionization dominates for strong laser fields and low laser frequency.
At high laser frequencies (but still below that required for single photon absorption) nonlinear ionization occurs due to the simultaneous absorption of several photons by an electron, as shown in the right-hand panel of figure 1. To be promoted from the valence to the conduction band by this multiphoton absorption, the electron must absorb enough photons so that the number of photons absorbed times the photon energy is equal to or greater than the band-gap of the material.
The transition between multiphoton ionization and tunnelling ionization was expressed by Keldysh in terms of the adiabatic parameter, also known as the Keldysh parameter [8] ,
where ω is the laser frequency, I is the laser intensity at the focus, m and e are the reduced mass and charge of the electron, c is the velocity of light, n is the refractive index of the material, E g is the band-gap of the material and ε 0 is the permitivity of free space. When the Keldysh parameter is larger (smaller) than about 1.5, photoionization is a multiphoton (tunnelling) process. In the intermediate regime, the photoionization is a mix between tunnelling and multiphoton ionization as depicted in the middle panel of figure 1 . The photoionization rate depends strongly on laser intensity. In the multiphoton ionization regime, the rate is P (I ) MP I = σ k I k where σ k is the multiphoton absorption coefficient for absorption of k photons [9] . The number of photons required is determined by the smallest k which satisfies the relation khω E g . The tunnelling rate, on the other hand, scales more weakly with the laser intensity than the multiphoton rate. Figure 2 shows the photoionization rate and Keldysh parameter as a function of laser intensity for 800 nm light in fused silica (7.5 eV band-gap). The dashed, dotted and Photoionization rate and Keldysh parameter as a function of laser intensity for 800 nm light in fused silica (7.5 eV band-gap). The solid line represents the photoionization rate based on the full expression from Keldysh (equation (37) in [8] ), the dashed line represents the multiphoton ionization rate, and the dotted line represents the tunnelling ionization rate. Note that the multiphoton and tunnelling rates overlap around a Keldysh parameter of 1.5. solid lines represent the photoionization rate for mulitphoton ionization only (equation (40) in [8] ), tunnelling ionization only (equation (41) in [8] ) and the full Keldysh expression (equation (37) in [8] ), respectively. The multiphoton only rate and the tunnelling only rate agree with each other and with the complete rate for a Keldysh parameter of about 1.5. The rate based on tunnelling only agrees with the complete formula up to a Keldysh parameter of just over 1.5, then overestimates the rate. Similarly, the rate based on multiphoton ionization only agrees with the full formula for Keldysh parameters down to just below 1.5, then underestimates the rate. Simulations for other laser wavelength and material band-gap consistently show this very abrupt transition from a multiphoton to tunnelling regime at a Keldysh parameter of about 1.5.
Some recent experiments have called Keldysh's theory into question. Lenzner et al found that they cannot account for the pulse duration dependence of the surface damage threshold of fused silica with the ionization rates predicted by Keldysh, and that the multiphoton ionization coefficients that Figure 3 . Schematic diagram of avalanche ionization. An initially free electron linearly absorbs several laser photons through free-carrier absorption, then impact ionizes another electron. As in figure 1 , the electrons are promoted from the valence to the conduction band rather than ionized in a solid.
best fit their data are several orders of magnitude smaller than those predicted by Keldysh's theory [10] . This discrepancy could result from electron dephasing due to frequent phonon scattering [11] . Other researchers, however, have successfully fitted their data using rates from Keldysh's theory [12, 13] .
Avalanche ionization
Avalanche ionization involves free-carrier absorption followed by impact ionization. An electron already in the conduction band of the material linearly absorbs several laser photons sequentially, moving to higher energy states in the conduction band, illustrated in the left-hand panel of figure 3 . In order to conserve both energy and momentum, the electron must transfer momentum by absorbing or emitting a phonon or scattering off an impurity when it absorbs a laser photon [14] . For electrons high in the conduction band, the deformation potential scattering time is approximately 1 fs, so frequent collisions make free carrier absorption efficient [15] . After the sequential absorption of n photons, where n is the smallest number which satisfies the relation nhω E g , the electron's energy excedes the conduction band minimum by more than the band-gap energy. The electron can then collisionally ionize another electron from the valence band, as illustrated in the right-hand panel of figure 3 . The result of the collisional ionization is two electrons near the conduction band minimum, each of which can absorb energy through freecarrier absorption and subsequently impact ionize additional valence band electrons. As long as the laser field is present, the electron density, N , in the conduction band grows according
where η is the avalanche ionization rate. Avalanche ionization requires some 'seed' electrons in the conduction band of the material. These initial electrons are provided either by thermally excited carriers, by easily ionized impurity or defect states, or by carriers that are directly photoexcited by multiphoton or tunnelling ionization.
Stuart et al developed a model of avalanche ionization in which the avalanche rate depends linearly on the laser intensity (i.e. η = αI , where α is the avalanche ionization coefficient) [12] . Heating of the electrons in the conduction band is taken into account using what is basically a Drude model but with the electron energy dependence of the conductivity included.
The model then makes the flux doubling approximation, which states that an electron in the conduction impact ionizes an electron from the valence band as soon as it has enough energy to do so. In other words, the model assumes there are no electrons in the conduction band with energy higher than the conduction band minimum plus the band-gap energy (at least until the material is fully ionized, after which further electron heating can occur). Stuart's model also assumes that the energy distribution of electrons in the conduction band does not change shape as the electron density grows. Some researchers have called this model into question [11, 16] . Thornber, for example, predicts an avalanche rate that depends on the square root of the laser intensity [17] .
Damage mechanisms-picosecond to nanosecond pulses
When the absorption mechanisms described above deposit sufficient energy into the material, permanent damage is produced. For pulse durations longer than a few tens of picoseconds, energy is transfered from the laser-excited electrons to the lattice on the time scale of the pulse duration. This energy is then carried out of the focal volume by thermal diffusion. Damage occurs when the temperature of the material in the irradiated region becomes high enough for the material to melt or fracture [13] . Energy is deposited into the material by the laser pulse and is transported out of the irradiated region by thermal diffusion, thus it is the relative rate of energy deposition and thermal diffusion that determines the damage threshold. Simple calculations show that, in this case, the threshold fluence for optical damage scales as the square root of the pulse duration [18] . Soileau et al were the first to observe a departure from this dependence for pulses shorter than 10 ps [19] .
For damage caused by pulses longer than a few tens of picoseconds, the source of the initial conduction-band electrons that seed the avalanche ionization is very important. Avalanche ionization is very efficient for such pulses because the long pulse duration allows more time for exponential growth of the electron density. Because avalanche ionization is so efficient, the laser intensity required to produce damage is not high enough to directly photoionizing electrons, so either thermally excited electrons or impurity and defect states provide the initial seed electrons for the avalanche. A high concentration of easily ionized impurity electrons lowers the threshold for optical damage compared to that of the pure material, making determination of the intrinsic breakdown threshold difficult [20] .
The dependence of the breakdown threshold on the presence of impurity electrons in the conduction band also makes the threshold for optical breakdown and damage nondeterministic. Typical impurity concentrations of electrons in the conduction band of a transparent solid are about 10 8 cm −3 [15] . A laser beam focused to a 10 µm diameter spot inside the material has a Raleigh range of about 75 µm, and therefore a focal volume of about 10 −8 cm 3 . On average there is therefore about one impurity electron in the conduction band in the focal volume. Because the seed electrons are so critical for the breakdown process with long pulses, small fluctuations in the number of seed electrons in the focal volume strongly affect the breakdown process. For a constant laser energy that is near the threshold, some laser shots produce damage while others do not, depending on how many seed electrons are in the focal volume of each laser shot.
Damage mechanisms-sub-picosecond pulses
For pulses shorter than a few picoseconds, the mechanism for optical damage is simpler than for longer laser pulses. Absorption occurs on a time scale that is short compared to the time scale for energy transfer to the lattice, decoupling the absorption and lattice heating processes [12] . Electrons in the conduction band are heated by the laser pulse much faster than they can cool by phonon emission. The electron density grows through avalanche ionization until the plasma frequency approaches the frequency of the incident laser radiation (the 'critical' plasma density) [12] . This high density plasma strongly absorbs laser energy by free-carrier absorption. The reflectivity of the plasma at the critical density is only a few per cent, so most of the laser energy is transmitted into the plasma where it can be absorbed. At higher plasma densities, however, a significant fraction of the laser pulse energy can be reflected. Only after the laser pulse is gone is energy transferred from the electrons to the lattice. This shocklike deposition of energy, on a time scale much shorter than the thermal diffusion time, leads to ablation of material on the surface or permanent structural change in the bulk.
For sub-picosecond laser pulses, photoionization plays an important role in the generation of conduction band electrons. Photoionization by the leading edge of the laser pulse provides the seed electrons for avalanche ionization during the rest of the pulse [12] . This self-seeded avalanche makes shortpulse breakdown less dependent on defects in the material than long-pulse breakdown and therefore the threshold for short-pulse damage is deterministic [20] . For very short laser pulses, photoionization can dominate avalanche ionization and produce a sufficient plasma density to cause damage by itself [10, 12] .
Damage produced by pulses in the femtosecond range is far more regular from shot to shot and more confined than with longer pulses [4] . Because short pulses require less energy than longer pulses to reach the intensity necessary to produce optical breakdown, they deposit less energy in the material. Less energy deposition leads to more precise ablation or bulk material modification. This deterministic breakdown and damage near threshold and controllable material alteration make femtosecond lasers an ideal tool for micromachining [3] .
Open questions about laser-induced breakdown
The review presented above highlights several open questions that need to be addressed. The validity of Keldysh's theory for photoionization needs to be determined, and the scaling of the avalanche ionization rate with laser intensity needs to be established. From an experimental point of view, these issues can be addressed by measuring the breakdown threshold as a function of material and laser parameters. The pulse duration dependence of the damage threshold has been extensively explored in fused silica for infrared laser pulses [12, 13, 16, [20] [21] [22] . Some groups have examined the effect of material band-gap [10] and laser wavelength [12] , but a systematic study has not yet been conducted. More experiments are needed to quantitatively clarify the relative role of different ionization mechanisms for different laser and material parameters.
Most recent experiments in the femtosecond regime have measured the threshold for damage to the front surface of the sample. It has not been established that these surface thresholds are the same as bulk thresholds or whether they are lowered by contaminants or surface states that are more easily ionized than the bulk material. These easily ionized states could provide seed electrons for avalanche ionization, lowering the threshold. Von der Linde et al concluded that the surface thresholds they measured are most likely lowered by contamination or surface imperfections [23] . While the surface damage threshold is relevant for optimizing the damage threshold of first-surface optics and for surface micromachining, no theoretical work to date takes into account any surface effects, so establishing the importance of these effects through a systematic study of surface and bulk thresholds should be carried out.
In addition to establishing the correspondence between surface and bulk damage thresholds, one should establish the correspondence between the many different criteria that have been used to define the damage threshold. Du et al monitored the change in transmission of the laser pulse and the emission of light due to recombination of the plasma. Each spot in the sample was irradiated with only one laser pulse [20] . In contrast, Stuart et al optically inspected, under a Nomarski microscope, samples that had been irradiated by 600 successive pulses [12, 13] . Lenzner et al measured the volume of ablated material for 50 above-threshold pulses incident on each spot in the sample and extrapolated to zero ablated volume to obtain a threshold [10] . Varel et al used several ex situ techniques including Nomarski optical microscopy, atomic force microscopy and scanning electron microscopy to determine the threshold for single-shot ablation [21] . Tien et al used Nomarski microscopy of samples irradiated by single pulses [16] , while Li et al measured the plasma emission from multiple shots on a single spot in the sample [24] to determine the threshold.
In addition to reconciling the different methods used to determine the damage threshold, the effect of multiple laser pulses hitting one spot in the sample must be addressed. Several groups have reported recently that, due to incubation effects, the threshold for multiple-shot experiments is lower than for single-shot experiments by a factor of two to four for femtosecond laser pulses [25, 26] .
In this paper, we present measurements of the bulk damage threshold for femtosecond pulses in four different materials at two different laser wavelengths. We use a dark-field scattering technique, described in section 3.4, to determine the energy threshold for damage after irradiation with 3000 pulses. As described in section 2, by tightly focusing the pulses into the sample and making measurements of the damage threshold at multiple numerical apertures, we avoid the effects of self-focusing and optical aberrations, allowing the laser intensity at the focus to be accurately determined. For fused silica we find that the intensity threshold for bulk material damage for femtosecond pulses agrees very well with the thresholds for surface ablation found by other groups. The bulk threshold for CaF 2 , however, is larger than the previously measured surface threshold [21] by about a factor of two. The dependence of the intensity thresholds on laser wavelength and material band-gap suggests that avalanche ionization is responsible for producing most of the conduction band electrons for large band-gap materials, while photoionization is more important for low band-gap materials. Furthermore, we find that the photoionization by 400 nm pulses is best characterized as multiphoton ionization, while for 800 nm pulses the ionization is in the intermediate regime between multiphoton and tunnelling ionization.
Measuring bulk ionization thresholds
Early experiments on optical breakdown thresholds in the nanosecond and picosecond regime were done in bulk material [9, 15, [27] [28] [29] . The results of these experiments are, however, often complicated by the effects of selffocusing in the material [29] . More recently, the surface optical breakdown threshold for femtosecond pulses has been measured [10-13, 16, 20, 21, 23-26] . Researchers deliberately avoided bulk measurements because of the complications associated with self-focusing, dispersion and self-phase modulation. These effects modify the spatial and temporal profile of the laser pulse, making it difficult to determine the laser intensity to which the material is exposed. As mentioned above, however, it is not clear how well existing models, which do not take into account surface effects, describe the threshold for surface damage. In this section, we present a method for measuring the intensity threshold for bulk damage that avoids the complications due to self-focusing and focusing aberrations.
Complications with bulk threshold measurements: self-focusing
The primary difficulty with accurately determining the threshold for bulk optical breakdown and damage in transparent materials is to correctly determine the laser intensity at the observed threshold. The laser pulse energy, pulse duration and beam profile are measured outside the sample. If propagation through the sample did not affect any of these parameters, and if the focusing were aberration free, then the peak laser intensity would be simply related to the quantities that are measured. The high peak power of the laser pulses, however, induces nonlinear propagation effects that strongly distort the spatial and temporal profile of the laser pulse in a manner that is difficult to predict or model [31, 32] . For extremely short pulses, the dispersion in the material has to be taken into account to ensure the pulse is short at the focus inside the material.
Self-focusing is the most important nonlinear propagation effect that we must consider when determining bulk ionization thresholds because it strongly affects the laser intensity inside the material. Self-focusing results from the intensity dependence of the refractive index, given by [30] 
where n is the total refractive index, n 0 is the ordinary (low I ) refractive index and n 2 is the nonlinear index. The spatial intensity profile in the laser pulse leads to a spatial refractive index profile: because n 2 is positive in most materials, the refractive index is higher at the centre of the beam compared to the wings. This variation in refractive index acts as a lens and focuses the beam. Although the refractive index variation depends on the laser intensity, the strength of the self-focusing lens depends only on the peak power of the laser pulse [31] . This can be qualitatively understood as follows. Consider a collimated laser beam incident on a transparent material with sufficient power to self-focus inside the material. If the diameter of the incident laser beam is doubled, the laser intensity goes down by a factor of four resulting in a refractive index change that is smaller by a factor of four. The area of the self-focusing lens, however, is also increased by a factor of four. This increase in area compensates for the decrease in refractive index change, giving the same refractive power.
As the power in the laser pulse is increased, self-focusing becomes stronger until, at some critical power, it balances diffraction and a filament is formed. If the peak power of the laser pulse exceeds this critical power for self-focusing then catastrophic collapse of the laser beam to a singularity is predicted [31] . The critical power, P cr , is given by
where λ is the laser wavelength [31] . In reality, other mechanisms halt the collapse of the beam due to self-focusing.
In particular, as the laser beam self-focuses, the intensity rises and eventually becomes sufficient to nonlinearly ionize electrons. The electron gas contributes a negative refractive index change that cancels the positive refractive index change produced by the intensity-dependent index and prevents further self-focusing [32] . Although much progress has been made in recent years, a comprehensive theory of nonlinear pulse propagation in transparent materials for pulses whose power exceeds the critical power is still lacking [32] . For laser powers that are less than about a quarter of the critical power for self-focusing, however, the change in spot size in the material due to selffocusing can be reliably calculated [29] . The laser intensity, I sf , at the laser focus in the presence of weak self focusing increases with increasing peak power, P , according to [29] I sf = I 1 − P /P cr (5) where I is the laser intensity in the material in the absence of self-focusing. Because the change in laser intensity due to strong selffocusing cannot currently be calculated, strong self-focusing must be avoided when measuring bulk breakdown thresholds in order to reliably calculate the threshold intensity. To avoid strong self-focusing we make use of the fact that while the threshold for optical breakdown and damage depends on the laser intensity, the threshold for self-focusing depends on peak power. If the laser pulse is tightly focused into the material using an external lens, the intensity for optical breakdown can be reached with powers that are below the critical power for self-focusing [15, 33] . In transparent solids, the critical power is typically of the order of 1 MW [34, 35] , and the intensity threshold for bulk optical breakdown using a femtosecond laser pulse is about 10 13 W cm −2 [5] . We can crudely estimate how tightly the laser beam must be focused to produce breakdown with power below the critical power by assuming the beam has a flat-top spatial profile. We then have
where d is the diameter of the laser beam at the focus. Equation (6) shows that the laser must be focused to a spot size smaller than 3.6 µm to achieve breakdown below the critical power for self-focusing. With high numerical aperture (NA) microscope objectives, focal spots of well under 1 µm can be achieved, allowing the threshold for optical breakdown to be measured at laser powers that are more than an order of magnitude below the critical power for self-focusing. Under these circumstances, the correction due to self-focusing is small, and so the spot size of the laser at the focus follows from the numerical aperture of the objective and the wavelength of the laser. The intensity of the laser pulse at the focus can therefore be determined with confidence.
Complications with bulk threshold measurements: aberrations
While tight external focusing eliminates the difficulty in determining the peak laser intensity inside the material due to self-focusing, it brings other complications. With tight focusing it is difficult to directly measure the spot size of the laser beam inside the material. Instead, one must calculate the spot size based on the laser beam and focusing lens parameters. Focusing visible light to a spot size under 1 µm, however, requires focusing angles that go well beyond the paraxial approximation [36] . As a result, focusing aberrations can severely distort the focal spot. If we consider only beams that are incident at the centre of the focusing lens and that are parallel to the optic axis of the lens, the most important focusing aberration is spherical aberration, although chromatic aberration can also play an important role for wide-bandwidth pulses. Microscope objectives are corrected to focus well through a 170 µm thick cover slip made of a glass with the appropriate refractive index (n = 1.523 at 589 nm) and Abbe number (ν = 56)-one such glass is Corning 0211, a zinc-doped borosilicate glass. Because we are interested in investigating the breakdown threshold in materials with different bandgap, and therefore different refractive index, we must evaluate the effect of aberrations when focusing into materials with refractive indices different from that for which the objective is designed.
We modelled the effect of different refractive index materials by ray tracing. We reproduced the cone of converging rays produced by the microscope objective by assuming a perfect focus 170 µm beneath the surface of a cover slip and tracing rays back out of the cover slip. We then traced the cone back into a material with different refractive index, and varied the position of the material in and out of the cone to minimize the distortion of the focus. We find that for a 0.65 NA microscope objective one can find a focusing depth in a material with refractive index between 1.3 and 2.0 where the spread of the rays is less than 100 nm. Because this spread is significantly smaller than the diffraction-limited spot size, we take this small spread in the rays to indicate good focusing. The model predicts that the laser spot size increases dramatically when the laser is not focused to within 10 µm of the optimal depth in the material for the 0.65 NA objective. At lower NA, good focusing can be achieved over a greater range of focusing depths and refractive indices. For objectives with NA higher than 0.65 it becomes very difficult to avoid aberrations in any material other than a cover slip. Consequently we avoid using objectives with greater than 0.65 NA in all materials other than Corning 0211.
To ensure diffraction-limited focusing, we illuminate the back aperture of the microscope objective as uniformly as possible and completely fill it. The laser is focused into the sample at the best-focus depth determined from the model calculations. For microscope objectives with NA greater than about 0.5, we find that the threshold for optical damage increases dramatically when the laser is not focused at the optimal depth in the material, in agreement with the simulations. For the thresholds presented below, the laser is always focused at the depth where the lowest threshold for producing damage is achieved.
Measuring with multiple numerical apertures
To further ensure that we can accurately determine the laser intensity required to produce optical breakdown, we make measurements using multiple microscope objectives with different NA [5] . To first approximation, the energy, E th , required to reach the intensity threshold for optical breakdown, I th , scales linearly with the laser spot size (i.e. E th ∝ I th /NA 2 ). As discussed above, aberrations and self-focusing both cause a departure from this linear scaling. Aberrations play a role primarily at high numerical aperture (NA 0.4), where the paraxial approximation breaks down [36] . Self-focusing, on the other hand, is more important at low numerical aperture (NA 0.65) because the amount of self-focusing depends on the ratio of the peak power of the laser pulse to the critical power for self-focusing for the material, and because more energy is needed to reach the breakdown intensity at low NA, resulting in a higher peak power [31] . We try to minimize aberrations using the procedures described above, and make the small correction in equation (5) to the laser intensity to account for self-focusing. For diffraction-limited focusing in the presence of weak self-focusing, the energy required to reach the breakdown intensity is related to the NA of the objective by E th = I th τ λ 2 π(NA) 2 + I th λ 2 /P cr (7) where τ is the laser pulse duration [5] . We measure the energy required to produce breakdown in the material for several objectives with NA between 0.25 and 1.4, and fit the observed energy thresholds to equation (7) with I th as a free parameter. Making measurements at multiple numerical apertures allows us to have very small corrections for self-focusing at high NA (where aberrations might be important), and to have low aberrations at low NA (where self-focusing becomes appreciable). If the energy threshold data over a range of numerical apertures is well fitted by equation (7), which assumes no aberrations and weak self-focusing, then we can feel confident that we have accurately determined the intensity threshold.
Experimental techniques
We have used several different techniques to determine the energy threshold for producing permanent bulk damage in transparent materials. The band-gap and wavelength dependence data were aquired using a dark-field scattering technique that allows real-time assessment of the energy threshold for producing damage. Real-time assessment is critical for bulk measurements because the laser must be focused at the optimal depth in the material for the laser intensity to be reliably determined. We first briefly describe optical microscopy and transmission techniques for determining the threshold, then present a method for determining the critical power for self-focusing. Finally, we describe the dark-field scattering technique in detail. The three different techniques used to determine the threshold for damage yield results that agree within experimental error.
Damage threshold measurement: optical microscopy
One method for determining the threshold for optical damage is to produce arrays of structures made with varying laser energy and examine the array optically. Using differential interference contrast (DIC) microscopy with a 1.4 NA oilimmersion objective one can detect very small refractive index changes on a sub-micrometre scale. Figure 4 shows a DIC optical micrograph of an array of structures in Corning 0211 produced using 110 fs laser pulses from a 1 kHz laser focused into the bulk of the sample by a 1.4 NA oil-immersion objective. Each structure is made with a different combination of laser energy and number of laser shots.
No material change is observed for a laser pulse energy below 6 nJ, regardless of the number of shots incident on one spot in the sample. At 6.6 nJ we observe both single-shot and multiple-shot damage and so we conclude that the energy threshold for single-shot and multiple-shot damage in Corning 0211 at 1.4 NA is 6.6 nJ. When focusing with a 0.25 NA objective, however, we observe a decrease in the damage threshold for increasing number of incident laser pulses. Other researchers have observed a decrease in the surface ablation threshold of transparent materials with multiple-pulse irradiation [25, 26] . This lower threshold for multiple-shot damage indicates that incubation is important. During multiple pulse irradiation, small changes (e.g. colour centres) formed by the first few pulses may make it easier for later pulses to cause damage. More experiments on the effects of incubation are necessary to determine how important incubation effects are in bulk and surface damage and to determine whether our observed NA dependence applies to other materials.
Damage threshold measurement: transmission change
Alternatively, we can look for a drop in the transmission of the laser pulse due to absorption of laser energy by the material to determine the damage threshold. A similar technique has been used to determine the damage threshold at the surface [20] . Figure 5 shows the transmission of 110 fs laser pulses of different wavelength through fused silica as a function of incident laser energy. The laser pulses are focused into the sample by a 0.65 NA microscope objective. The energy at which the transmission begins to drop, corresponding to the energy threshold for optical breakdown and damage, is 25 nJ for 800 nm pulses. Using 400 nm pulses, we find an energy threshold of 20 nJ.
Self-focusing threshold
In order to make the correction in equation (5) to the laser intensity we must know the critical power for selffocusing. To determine this critical power, we measured the threshold for white-light continuum generation in various materials for a slow-focusing geometry (0.20 m focal length lens). Under such conditions, the threshold for critical self-focusing corresponds to the threshold for white-light continuum generation [34, 35] . Self-focusing does not depend on intensity, but only on the peak power [30] ; thus the critical self-focusing threshold does not depend on the focusing geometry and is the same for fast and slow external focusing. The measured thresholds for critical self-focusing in fused silica (140 nJ at 400 nm and 580 nJ at 800 nm) are indicated in figure 5 . The threshold energies for self-focusing are about an order of magnitude higher than the damage thresholds determined from the change in transmission, indicating that self-focusing does not play a dominant role in the damage formation.
For all measurements described in section 4, breakdown is achieved with a laser power that is below the critical power for self-focusing. In Corning 0211, for example, self-focusing is entirely negligible using numerical apertures of 1.0 and 1.4, while for 0.65, 0.45 and 0.25 NA self-focusing results in a 6, 10 and 20% decrease in spot size, respectively. In previous work, self-focusing played a more dominant role, complicating the determination of the threshold intensity for bulk optical breakdown [29] . 
Damage threshold measurement: dark-field scattering
To study the material band-gap and laser-wavelength dependence of the damage threshold, we used the dark-field light scattering technique illustrated in figure 6 . The primary advantage of this technique is that it is real time, allowing one to minimize the damage threshold by varying the focusing depth into the material, assuring that focusing aberrations are minimized. A 110 fs pump pulse is focused into the sample using a microscope objective with NA between 0.25 and 1.4. A He:Ne laser beam probes the pumped region of the sample. The He:Ne is focused into the sample at a lower NA than the femtosecond beam, so the beam waist at the focus is larger than that of the femtosecond beam. The directly transmitted He:Ne light is collected by a microscope objective and blocked with a circular beam block whose size is chosen so it just blocks the full He:Ne beam. When damage is produced in the sample by the femtosecond laser beam, some of the He:Ne light scatters into a larger cone angle than the directly transmitted light. The scattered light is collected by the microscope objective and focused around the beam block onto the detector.
It is critical that the objective used to collect the scattered He:Ne light have a higher acceptance angle (higher NA) than the cone angle of the unscattered He:Ne beam so that light scattered by the damage spot is collected and can be separated We determined the damage threshold by looking for an increase in the amount of He:Ne light reaching the detector after irradiation with 3000 femtosecond laser pulses on a single spot in the sample. The threshold was minimized by translating the sample in and out of the beam to find the best focus. After irradiation, the sample was translated laterally even if no damage was observed. Irradiating with multiple pulses as opposed to a single pulse forms a larger, more easily detected, damaged region. The sample is also perturbed mechanically by lightly tapping the sample mount during irradiation, producing an even larger volume of damaged material for above-threshold pulses, and further increasing the sensitivity of the technique. While incubation effects could lower the multiple-shot damage threshold compared to the single-shot damage threshold, as noted in section 3.1, we do not observe strong incubation effects in bulk damage thresholds with tight external focusing.
Ionization thresholds for femtosecond laser pulses
Using the dark-field scattering technique described in Section 3.4 we measured the energy required to produce damage in dielectric materials with different band-gap using 400 nm and 800 nm femtosecond pulses focused at various numerical apertures. Figures 7(a) and 7(b) show the dependence of the energy threshold for permanent damage for 400 nm and 800 nm pulses on numerical aperture. The lines represent fits to equation (7) using critical powers from the literature [34] or measured using the technique described in section 3.3. For Corning 0211, where no literature value is available and where direct measurement of the critical power is difficult because the available samples are very thin, the critical power at 800 nm was left as a free parameter. Our fits yield P cr = 1.5 MW, in good agreement with the 1.6 MW value for BK7, a glass with composition and band-gap similar to Corning 0211. For Corning 0211, there are additional 800 nm energy thresholds at 1.0 NA (7.0 nJ) and 1.4 NA (5.0 nJ) that are not shown in figure 7, but were used in the fitting procedure. We used the known scaling of the critical power with laser wavelength (equation (4)) to obtain a value for Corning 0211 at 400 nm.
We do not observe damage in SF11 using 400 nm laser pulses with laser energy up to several times the threshold for other materials, even though we observe strong blue fluorescence from the pumped region of the sample. For 400 nm, absorption in SF11 requires only two photons and the two-photon absorption is efficient enough to cause significant absorption before the pulse reaches the laser focus. This absorption limits the peak laser intensity at the focus, preventing optical breakdown. Perhaps the electrons produced in front of the laser focus by two-photon absorption also act as a negative lens and defocus the laser pulse, further limiting the peak laser intensity.
From the fits to equation (7) we can determine the threshold intensity for optical breakdown and damage. Table 1 shows the critical powers for self-focusing and material bandgaps used in the fits and the threshold intensities resulting from the fitting. Note that while the threshold intensity for 400 nm pulses is lower than for that 800 nm pulses for Corning 0211 and fused silica, the reverse is observed for CaF 2 .
The threshold for bulk damage in fused silica with 800 nm pulses is in good agreement with the literature values for surface damage using 110 fs laser pulses [10, 12] . Stuart et al observed a decrease of roughly a factor of two in the surface damage threshold in fused silica for 526 nm pulses compared to 1053 nm pulses for pulse durations of 300 fs and longer [12] . In contrast, we observe only a slight difference in the 400 nm and 800 nm bulk damage thresholds for fused silica. In CaF 2 , the only other material for which literature values are available, we find that the threshold for bulk damage is higher than the literature value for the surface damage threshold [21] .
Discussion
The pulse duration dependence of the threshold fluence required to produce material damage has been studied extensively [10, 12, 13, 20, 21] . Assuming that the electron density must reach the critical density to produce damage, this dependence can be fitted to a rate equation for the electron density [10] [11] [12] [13] ,
where N is the electron density, α is the avalanche ionization coefficient and P (I ) is the photoionization rate, typically taken to be σ k I k [10, 12] . The multiphoton absorption coefficient, σ k , and the avalanche ionization coefficient, α, are adjusted to fit to the data.
Because we have not determined the pulse duration dependence, we use Keldysh's theory for photoionization [8] to interpret the bulk damage thresholds listed in table 1. First, we calculate the Keldysh parameter (equation (1)), and determine whether the photoionization is best represented by a multiphoton or tunnelling ionization picture. Next, we calculate the electron density due to photonionization based on the rates predicted by Keldysh and compare this electron density to the critical density to determine the importance of avalanche ionization. Table 1 . Intensity threshold, I th , for optical breakdown and damage in several transparent dielectrics for 400 nm and 800 nm, 110 fs laser pulses. The band-gap of the material and the critical powers, P cr , used in the fit to equation (7) Table 2 shows the Keldysh parameter and the electron density due to photoionization alone (i.e. avalanche ionization is not included) determined from the measured intensity thresholds for damage listed in table 1. We used the full Keldysh expression for P (I ), (equation (37) in [8] ) to calculate the electron densities. At 400 nm, the Keldysh parameter for all materials is well within the multiphoton ionization regime. At 800 nm, however, the Keldysh parameter is in the intermediate region between multiphoton ionization and tunnelling ionization and so the approximation of the photonionization rate as σ k I k in equation (8) is not well justified. In fact, from figure 2 we see that the multiphoton ionization rate is about an order of magnitude below the rate based on the full formula for 800 nm light in fused silica, and it may actually be better to characterize the photoionization at 800 nm as a tunnelling process. Lenzner et al also emphasized the importance of considering tunnelling ionization as an important ionization mechanism for short pulse durations [10] .
Multiphoton versus tunnelling ionization

Contribution of avalanche ionization
It is commonly assumed that a critical density plasma must be formed to produce material damage [10, 12, 20] because the plasma becomes strongly absorbing near the critical density, allowing a significant fraction of the laser pulse energy to be deposited into the material, leading to damage. We should therefore compare the electron densities listed in table 2 to the critical plasma density at the corresponding laser wavelengths. For a laser wavelength of 400 nm the critical density is 6.9 × 10 21 cm −3 ; at 800 nm it is 1.7 × 10 21 cm −3 . For the low band-gap materials (SF11 and Corning 0211 at 800 nm and Corning 0211 at 400 nm) we see that photoionization alone is sufficient to produce a critical density plasma, suggesting that avalanche ionization plays a small role in the ionization process. This is in agreement with the results obtained by Lenzner et al for barium aluminium borosilicate glass which has a band-gap in the same range as SF11 and Corning 0211 [10] . For fused silica and CaF 2 the electron densities in table 2 fall well below the critical density at both 400 nm and 800 nm wavelength, indicating that avalanche ionization plays a more important role.
Equation (8) allows us to calculate the avalanche coefficients that are necessary to produce a critical density plasma in fused silica and CaF 2 .
To determine the photoionization rate, P (I ), we use the full Keldysh formula. This procedure yields the following values for the avalanche coefficients: 1.6 cm 2 J −1 (800 nm, fused silica), 2.0 cm 2 J −1
(800 nm, CaF 2 ), 1.3 cm 2 J −1 (400 nm, fused silica) and 1.4 cm 2 J −1 (400 nm, CaF 2 ). The weak wavelength dependence of the avalanche ionization coefficient is in agreement with the results of Stuart et al [12] . The avalanche coefficient for fused silica at 800 nm, however, is smaller than that found by other researchers (values range from 4.0 cm 2 J −1 to 10 cm 2 J −1 ), perhaps indicating that the electron densities calculated using the Keldysh rates are too high, as suggested by Lenzner et al [10] . Using the multiphoton ionization rate suggested by Lenzner, σ 6 = 6.0 × 10 8 cm −3 ps −1
(cm 2 TW −1 ) 6 , we find from our measured threshold intensity an avalanche ionization coefficient of 4.5 cm 2 J −1 , in good agreement with literature values.
Conclusions
In this paper, we present a method for accurately determining the intensity threshold for producing damage in bulk transparent materials by laser irradiation. The laser pulse is tightly focused into the material so that the threshold intensity is reached at low peak power, minimizing the self-focusing. Using this technique, we determined, for 110 fs laser pulses, the laser-wavelength and material band-gap dependence of the threshold intensity for bulk damage. Our results indicate that avalanche ionization produces most of the free electrons for large band-gap materials, while photoionization produces a significant fraction of the electron density for small bandgap materials. At 400 nm, photoionization is a multiphoton absorption process, while at 800 nm photoinoization is caused by tunnelling. More experimental and theoretical work is necessary to determine the photoionization rates and the scaling of the avalanche ionization rate with laser intensity as well as establish the validity of Keldysh's theory.
As figure 7 shows, the energy thresholds for 0.65 NA focusing are under 50 nJ for all materials studied in this paper. This energy is achievable with cavity-dumped and long-cavity femtosecond laser oscillators, opening the door to unamplified micromachining [5, 37, 38] . The threshold in Corning 0211, at 5 nJ for 1.4 NA focusing, is within the range of commercially available laser systems. Using unamplified lasers for micromachining greatly reduces the cost and complexity of the laser system, and the high repetition rate of these lasers allows one to achieve higher machining speeds than are possible with amplified systems.
